In mouse ribosomal genes (rDNA), a region [variable length rDNA segment (VrDNA)] 5' to the origin oftranscription varies between 600 and 3,000 base pair(s) (1p) in length among ribosomal genes because of differences in the number of copies of a smaller (=135 bp) sequence (1) (Fig. 1 ). An inbred strain usually has 4-6 major size classes of VrDNA regions. These are distributed among a number of chromosome pairs (3) (4) (5) (6) . Using mouse recombinant inbred strains, we carried out a genetic analysis of the chromosomal linkage relationships among these polymorphic regions. The results suggest that genetic exchanges among rDNA sequences on nonhomologous chromosomes are rare. The linkage relationships defined for the rDNA polymorphism provide an opportunity for mapping other mouse genes.
MATERIALS AND METHODS
Restriction enzymes were purchased from commercial sources and the recommended digestion conditions were employed. Five micrograms of liver DNA was digested in a reaction volume of 30 A.l for [20] [21] [22] [23] [24] hr. DNA isolation, agarose gel electrophoresis, transfer to nitrocellulose filters, preparation of nicktranslated probe, and autoradiography were as described (7) . Hybridization and washing were performed in 0.45 M sodium chloride/0.045 M sodium citrate, pH 7, at 650C. Fisher (Fig. 2, lane B) . Fig. 2 (lane H) also shows the VrDNA pattern for C3H/HeJ mice which differs from C57BL/6J: fragments A, E, and F in C57BL/6J mice are either completely absent or significantly decreased in C3H/HeJ, whereas fragments B and G in C3H/ HeJ are absent or significantly decreased in C57BL/6J. All of the fragments are present in the F1 hybrid (lane F1). These different rDNA genotypes offered the opportunity to study the linkage relationships among the VrDNA size classes by using standard genetic techniques. Our approach was to use recombinant inbred (RI) strains (8 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. digestion by HindII (which recognizes G-T-Y-R-A-C, in which Y is any pyrimidine and R is any purine) but not Sal I (G-T-C-G-A-C). We analyzed the DNAs from the RI strains with Sal I. The results are summarized in Table 1 and a representative sample of the data is shown in Fig. 3 . This allowed us to define the B and C linkage group (P < 0.02). With one exception, all of the RI strains had either C or B after Sal I digestion. Therefore, VrDNA fragment B in C3H/HeJ is carried on the same chromosome that carries fragment C in C57BL/6J. One strain, BXH-9, had both B and C. This can be explained either by a crossover between the B and C rDNA clusters before fixation of one chromosome or by the persistent heterozygosity of both progenitor chromosomes in BXH-9.
Three of the RI strains (BXH-3, BXH-5, and BXH-12) contained the B band but lacked the C band after Sal I digestion (C3H/HeJ genotype). However, each of these RI strains had a C band after HindII digestion. The derived from Mus poschiavinus showed that one, RB5BNR/ Ei, lacked VrDNA bands A and E. In this strain, the M. mu$-culus acrocentric chromosomes 8 and 12 are replaced by the Rb(8.12)5Bnr metacentric chromosome. Because the A and E bands characteristic of most M. musculus inbred strains are missing in RB5BNR/Ei and because cytological studies have shown that chromosome 12-but not chromosome 8-has a nucleolus organizer region (3) (4) (5) (6) , it suggests that they are located on chromosome 12. We tested the hypothesis that chromosome 12 carries the A and E VrDNA linkage group by crossing individuals ofthe RB5BNR/Ei strain to C57BL/6J mice and backcrossing F1 females to the homozygous translocation male parent. If A and E are on chromosome 12, these fragments should be absent from all translocation homozygotes and present in all heterozygotes. All 18 offspring analyzed were of parental genotypes: four were homozygous for the Rb(8.12)5Bnr chromosome and as expected lacked the A and E VrDNA bands (Fig. 4, lanes 1, 6, 11, and 17 (13) .
Of course, the VrDNA regions on nonhomologous chromosomes did not evolve totally independently of one another because they are homologous in nucleotide sequence and with respect to certain restriction enzyme sites (1) . As Smith has pointed out, rare interchromosomal exchanges that have occurred during mouse evolution could account for this (14) . He argued that the rate ofexchange need not be high in an analogy with population genetic theory, which shows that only very rare migrants are needed to maintain genetic similarity among two isolated populations of a species. In Drosophila melanogaster, nucleolus organizer regions are found in both the X and Y chromosomes. The evidence suggests that genetic exchanges occur rarely between rDNA sequences on these two chromosomes in this species (15) (16) (17) . However, studies on human and ape rDNA suggest that from an evolutionary perspective there is no barrier to the exchange of rDNA sequences among nonhomologous chromosomes (18) . Data on the distribution of human ribosomal gene variants among individual nucleolus organizers are consistent with this interpretation (19) . The basis for this apparent difference in the genetic behavior of rDNA in different species is discussed elsewhere (19) .
Our studies on mouse rDNA genes support the idea (20) that restriction fragment length polymorphisms are valuable tools for gene mapping. The A and E VrDNA linkage group provides a new genetic marker in mice. Any genetic difference between C3H/HeJ and C57BL/6J mice that gives the same RI strain distribution pattern as that given by the A and E VrDNA fragments (see Table 1 ) would undoubtedly be tightly linked to the centromere of chromosome 12. In fact, preliminary evidence (21) suggests that the Epa-1 mouse skin-specific alloantigen may be linked to this rDNA cluster.
